event(s) best explains the increase in NHE-3 protein expression Na ؉ /H ؉ exchange activity and NHE-3 expression in renal tusince mRNA levels were not increased. The alterations in the bules from the spontaneously hypertensive rat.
expressed, is involved with cellular acid/base and volume
Renal proximal tubules (PTs) were isolated and purified by Percoll gradient centrifugation. NHE-3 protein and mRNA homeostasis, and also has been implicated in the regulalevels were determined by Western and Northern blots, respection of cell proliferation [2, 5, 6] . Increased NHE-1 activtively. Apical brush border membrane vesicles (BBMV) were ity and expression have been demonstrated in vascular prepared using the MgSO 4 aggregation method and Na ϩ /H ϩ smooth muscle cells from the SHR [3, [7] [8] [9] ]. This in turn exchange activity assessed using the acridine orange method.
may facilitate smooth muscle cell proliferation and/or Results. Na ϩ /H ϩ exchange activity, determined as the rate of hypertrophy, resulting in thickening of the vascular wall, Na ϩ -dependent intracellular pH (pH i ) recovery assessed using BCECF after an acute acid load, was significantly greater in which contributes to the development and maintenance PTs from SHR than in WKY rats at all age groups (4 to 6 of hypertension [5] . NHE-3 is predominately expressed weeks, 0.30 Ϯ 0.04 vs. 0.24 Ϯ 0.02 pH U/30 sec, P Ͻ 0. 05; 6 in the kidney and intestine [2] . In renal proximal tubules to 7 weeks, 0.42 Ϯ 0.07 vs. 0.29 Ϯ 0.05 pH U/30 sec, P Ͻ 0.05; (PTs), NHE-3 is localized along the apical border and and 8 to 13 weeks, 0.48 Ϯ 0.07 vs. 0.40 Ϯ 0.07 pH U/30 sec, is responsible for the bulk reabsorption of sodium, fluid, P Ͻ 0.05). The Na ϩ -dependent recovery in BBMV was also and bicarbonate [10, 11] . greater in SHR than WKY rats (1464 Ϯ 62 vs. 1042 Ϯ 79 fluorescence. U/5 sec, P Ͻ 0.001) and was unaffected by
The factors resulting in increased blood pressure in cariporide, a specific NHE-1 inhibitor. NHE-3 protein levels the spontaneously hypertensive rat (SHR), a model of also were significantly higher in SHR than age-matched WKY genetic hypertension, are not fully elucidated, although rats at all stages during the development of hypertension (preseveral studies have implicated both renal [12] and nonhypertensive 1.8-fold; early onset hypertension twofold; estabrenal mechanisms [12, 13] . Alterations in NHE-3 could lished hypertension 1.5-fold; each P Ͻ 0.05). By contrast, be involved in abnormal renal Na ϩ handling in hyperten-
Evidence that blood pressure can be altered by alterbrated with oxygen for at least one hour immediately prior to use. The tissue was incubated for 30 minutes at ations in renal tubule Na ϩ /H ϩ antiport activity also comes from more recent molecular biology studies. The 37ЊC in shaking water bath under oxygen. After this first incubation, the pellet was disrupted by rapidly drawing NHE-3 knockout mouse exhibits mild hypotension compared to the wild type mouse [19] . Moreover, NHE-1 tissue through a 60 mL syringe 10 times. The digestion solution was diluted by the addition of fresh MEM and over-expression in transgenic mice, resulting in the ectopic expression of NHE-1 in renal apical membranes, then the tissue re-incubated for 20 minutes. After the second incubation, the tissue was washed by centrifuresulted in a modest salt-sensitive increase in blood pressure [20] .
gation three times with MEM. The final pellet was resuspended in 1. Plasma membranes from renal cortex were prepared as described by others [29] . The kidneys were perfused The present study is a systematic analysis of Na ϩ /H ϩ exchange activity and NHE-3 expression in renal cortical with ice-cold phosphate buffered saline (PBS) containing a cocktail of protease inhibitors. After 30 to 50 mL had tubules from SHR and WKY rats prior to and during the development of hypertension. We report that Na ϩ /H ϩ been perfused, the kidneys were removed and placed in fresh PBS on ice. The renal cortex was dissected free exchange activity and NHE-3 protein abundance are increased in tubules from pre-hypertensive SHR and and finely minced. The cortical pieces were homogenized using a Duonce style tissue homogenizer in a buffer sothat they remain elevated in the SHR after the development of mild or severe hypertension as compared to lution containing: 300 mmol/L sucrose, 18 mmol/L TrisHCl, 5 mmol/L egtazic acid (EGTA), 4 g/mL aprotinin, age-matched normotensive WKY rats.
4 g/mL leupeptin, 2 g/mL chymostatin, 2 g/mL pepstatin, and 100 g/mL AEBSF, pH 7.4. The homogenate METHODS was centrifuged at 6000 ϫ g for 15 minutes at 5ЊC to Rats and in vivo parameters yield a post-mitochondria fraction. The supernatant was then centrifuged at 45,000 ϫ g for 45 minutes at 5ЊC. Spontaneously hypertensive rats and age-matched WKY rats were purchased from Taconic Laboratories (GerThe resulting crude membrane pellet was resuspended in 0.5 to 1 mL homogenizing buffer and stored at Ϫ80ЊC mantown, NY, USA). Prior to use blood pressures were determined using the tail cuff method [3, 26] . The rats until used. Apical brush border membrane vesicles (BBMV) were studied in three different age groups consistent with the development of hypertension in the SHR: 4 to were prepared at pH 6.0 using the MgSO 4 [28] . Probenecid was added to reduce Kidneys from anesthetized rats (pentobarbital 50 mg/ kg) were perfused via a retrograde cannula with ice-cold active extrusion of the hydrolyzed pH indicator from the cells [3] . PTs were loaded for 30 to 60 minutes at room minimum essential medium (MEM) containing: 0.5 g/L collagenase and hyluronidase and 0.3 g/L soybean tryptemperature. After loading, the PTs were washed three times and then sat for an additional 30 minutes to allow sin inhibitor (STI). Renal cortical PTs were isolated and purified as described by others [27] and modified by us hydrolysis of the dye. The PTs were then kept on ice until used. For the determination of pH i , 100 L aliquots [26, 28] . The renal cortex was dissected away, finely minced, and then transferred to silconized flasks conwere prewarmed for 10 minutes in a 1.9 mL assay solution prior to measurement. taining MEM plus 1 g/L collagenase and hyluronidase, 0.3 g/L STI, and 5 g/L DNAse. All solutions were equili-BCECF fluorescence was continuously measured at an emission wavelength of 520 nm and alternating exgel electrophoresis (SDS-PAGE; 7.5% gels). After electrophoresis, the proteins were transferred overnight onto citation wavelengths of 500 and 440 nm. Data to calculate pH i was obtained every 5 seconds using a DMX 1000 nitrocellulose paper (Hyboundϩ Super; Amersham, Ontario, Canada) by electrophoresis [9] . spectrofluorometer (SLM-Amicon; Fig. 1) . Calibration of the 500/440 nm ratio to pH i was done at the beginDetection of the NHE-3 protein was performed using double antibody staining. Prior to probing with the prining of each experiment using 6 g/mL nigericin in a 120 mmol/L KCl solution as previously described [3, 34] . mary antibody, the nitrocellulose membrane was blocked for nonspecific protein binding by incubation for at least Na ϩ /H ϩ exchange activity was determined from the rate of pH i recovery in PTs that were acutely acidified.
one hour with 5% powdered milk in PBS containing 0.1% Tween-20 (PBS-T). After blocking, the membrane The nigericin pH clamp technique employed was a variation of that previously reported by us [3] . Briefly, 100 L was washed twice in 0.1% PBS-T and then probed for 1-2 hours with rabbit polyclonal antibody against NHE-3 aliquots of PTs were pelleted and then resuspended in 1 mL of a 110 mmol/L KCl buffer, pH 6.0, containing diluted (1:750) in 0.1% PBS-T plus 0.2% fish skin gelatin. Affinity purified antibody against the cytoplasmic tail of 6 g/mL nigericin. After a 10 minute incubation, bovine serum albumin (1 mg; BSA) was added to the suspension NHE-3 were a generous gift from Dr. Orson Moe (Dallas, TX, USA). After probing, the membrane was subto scavenge the nigericin. The PTs were then pelleted and resuspended in 100 L KCl solution, pH 6.0, without jected to multiple washes with PBS-T and then incubated for one hour with horseradish peroxidase (HRP)-labeled nigericin and then immediately injected into 1.9 mL recovery solution contained in an acrylic cuvette sitting in donkey anti-rabbit IgG diluted (1:5000) in PBS-T ϩ 3% powdered milk. After incubation, the membranes underthe fluorometric sample compartment. Na ϩ /H ϩ exchange activity was defined as the rate of sodium dependent went another series of washes with PBS-T. The bound antibody was then visualized using enhanced chemolumpH i recovery. That is, the difference in the rate of pH i recovery of PTs assayed in the presence and absence inescence (ECL) detection (Amersham) and exposure to x-ray film. RNA isolation and Northern blotting in the absence of Na ϩ , N-methyl-D-glucamine (NMDG) was used as the major cation.
Total RNA, for Northern blot analysis, was isolated from the renal cortex of kidneys obtained as described Na ϩ /H ϩ exchange activity in BBMV was determined using the acridine orange fluorescent technique [31-33].
above. The cortex was dissected away, weighed, and homogenized in a guanidine thiocyanate, sarcosyl soluBriefly, acridine orange (6 mol/L) was added to a sodium free buffer of the following composition (mmol/L): tion. Total RNA was isolated and purified using the method of Chomczynski and Sacchi as described by othsucrose 150, N-methyl-D-glucamine gluconate 150, and Hepes/KOH, pH 7.5. The fluorescence was monitored ers [38] and stored at Ϫ60Њ F until used as previously described by us [3] . at 0.5 second intervals for one minute (ex 493 nm, em 530 nm, 23ЊC) followed by injection of vesicles (100 g NHE-3 mRNA expression was assessed by Northern blot analysis as previously described [39] . Briefly, RNA protein) that were pre-formed at an internal pH 6.0 [32]. After two minutes Na gluconate (90 mmol/L) was in-(10 g) was electrophoresed in a 1% formaldehyde agarose gels, transferred to nitrocellulose membranes, and jected into the cuvette. Na ϩ /H ϩ exchange activity was defined as the rate of change of acridine orange fluoreshybridized with a 32 P-labeled full-length cDNA probe against NHE-3. Probes were 32 P labeled as per manufaccence in the presence of sodium at 5 seconds. Some samples had the NHE-1 inhibitor cariporide (10 mol/L; turer's instructions using a random primer kit (Gibco, Grand Island, NY, USA). The full-length rat NHE-3 Aventis, Frankfurt, Germany) added to the cuvette prior to injection of vesicles [35] [36] [37] .
cDNA was a generous gift from Dr. Orson Moe (Dallas, TX, USA). The hybridization signals were normalWestern blotting ized to those of 28S RNA to correct for differences in loading. After hybridization the membrane was exposed Plasma membrane preparations were used for Western blotting. Protein concentrations were determined usto x-ray film overnight and the density of the blots were quantified by densitometric analysis using an Eagle Eye ing the BCA protein assay (Biorad, Mellville, NY, USA). One hundred micrograms of protein from paired SHR II Video System. and WKY preparations was mixed with 5ϫ reducing Statistical analysis Laemmli sample buffer (Pierce, Rockford, IL, USA), briefly sonicated, and then boiled for 5 minutes. Proteins Data are expressed as means Ϯ SE. Differences in the rates of Na ϩ /H ϩ exchange activity over time were dewere resolved by sodium dodecyl sulfate-polyacrylamide or WKY rats (shaded circles) 6-to 7-weeks-old were isolated and acutely acidified as described in methods. NHE-3 activity, defined as the sodium dependent change in pH i , was significantly greater in PTs from the SHR than WKY (P Ͻ 0.001 by a two-way ANOVA). Proximal tubules (PTs) were acutely acidified using the nigericin technique as described in Methods section, and then injected into a buffer solution containing 140 mmol/L sodium (light line) or without sodium (NMDG; dark line) for determination of the rate of pH i recovery. There was a rapid increase in pH i when PTs were assayed in containing HEPES buffered solution, there was a rapid the presence of sodium that was virtually blocked in the absence of sodium. (B) Brush border membrane vesicles (BBMV) were injected into rise in pH i whereas when PTs were assayed in the absence a Na-free buffer solution containing acridine orange. Where indicated, of Na ϩ in the media, the pH i recovery was almost comthe injection of Na gluconate resulted in a robust recovery of the acripletely obliterated (Fig. 1) . Na ϩ /H ϩ exchange activity, dedine orange fluorescence.
fined as the difference in the pH i recovery rates from an acute acid load in PTs assayed in the presence and absence of sodium was significantly greater in PTs from termined by a two-way analysis of variance (ANOVA). Differences between groups were determined by the the SHR as compared to those from WKY rats (Fig. 2 ). Maximal Na ϩ /H ϩ exchange activity, taken from the iniStudent t test for paired or unpaired data when appropriate. Differences were considered statistically signifitial linear portion of the pH i recovery curves (that is, the first 30 seconds) was greater in PTs from the SHR as comcant when P Յ 0.05. pared to those from WKY rats determined at all ages studied: 4 to 6, 6 to 7, and 8 to 13 weeks of age (Table 1) .
RESULTS
As shown in Table 1 , there were marked differences Na
؉

/H
؉ antiporter activity in systolic blood pressure between SHR and WKY rats of 6 to 7 and 8 to 13 weeks of age, whereas it was not difNa ϩ H ϩ exchange activity was determined in PTs acutely acidified to a pH i of about 6.0 using the nigericin pH ferent between SHR and WKY rats 4 to 6 weeks of age. There appeared to be a tendency for the mean Na ϩ /H ϩ clamp technique. When the PTs were injected into a Na exchange activity to increase with age in PTs from SHR and WKY rats (Table 1) , however, this was not statistically significant. Neither an analysis of covariance, nor regression analysis showed significant correlations between NHE-3 protein levels or Na ϩ /H ϩ exchange activity and blood pressure in either SHR or WKY rats.
Na ϩ /H ϩ exchange activity was also determined in BBMV. Injection of vesicles pre-formed at pH 6.0 into an acridine orange containing buffer solution (pH 7.5) resulted in a sharp decline in fluorescence. In the absence of sodium, there was a minimal increase in fluorescence, whereas the injection of sodium to the solution resulted in a rapid increase in fluorescence (Fig. 1B) . The increase in acridine orange fluorescence was greater in SHR than WKY vesicles throughout the recovery (Fig. 3A) . The initial rate of change in fluorescence (5 seconds) was greater in vesicles from the SHR than those from WKY rats greater in vesicles from the SHR than those from WKY rats (Fig. 3B ), indicating that it was not due to increased activity of NHE-1. By exclusion we infer that the increase tivity observed in PTs from the SHR was associated with in Na ϩ dependent fluorescence recovery is due to increased an increase in the amount of NHE-3 protein. For these activity of NHE-3. We found that the use of acridine studies, membrane preparations from renal cortex were orange and amiloride analogs is technically problematic isolated from paired SHR and age-matched WKY rats, as previously reported [41] . Thus, experiments using as in the previous series of studies. Antibodies to NHE-3 EIPA to inhibit NHE-3 activity are not reported. recognized a protein band at about 85 kD in both SHR Relative levels of NHE-3 protein and WKY preparations (Fig. 4) . In addition, a second band was often present at 180 to 200 kD as had been NHE-3 protein levels were measured by Western blotting to determine if the increase in Na ϩ H ϩ exchange acdescribed by others [42] . The 180 to 200 kD band may WKY preparations ( ) were normalized for 28s RNA. NHE-3 mRNA The densitometric analysis revealed greater abundance in the SHR than levels were not significantly different between SHR and WKY rats for paired WKY bands for each age group. any age group. Data are expressed as mean Ϯ SE.
When data from all age groups were pooled, the represent dimerization of the NHE-3 protein [42] or covalent bonding of NHE-3 to other membrane proteins.
amount of NHE-3 protein was greater in SHR (N ϭ 24) than WKY (N ϭ 24) rats (10.25 Ϯ 2.37 vs. 7.05 Ϯ 1.67 The relative amount of NHE-3 protein for each pair of membrane preparations was determined after nor-O.D. units, respectively, P Ͻ 0.005). This represented a 1.73 Ϯ 0.13-fold increase (73%) in NHE-3 protein in malization of the level of NHE-3 protein of the WKY (Fig. 5) . Analysis between SHR and WKY rats on the SHR renal cortical membranes relative to the amount present in WKY rats (P Ͻ 0.005). basis of age, and thus, the degree of hypertension in the SHR revealed that NHE-3 levels were significantly
Relative levels of NHE-3 mRNA higher in SHR than age-matched WKY rats at each age group, that is, at all stages during the development of Relative levels of NHE-3 mRNA expression between SHR and WKY rats were determined using Northern hypertension (Fig. 5) . The amount of NHE-3 protein in renal cortical membranes from the SHR relative to that blot analysis, and 28s RNA was used to normalize the data for differences in RNA loading between lanes. Comin WKY rats was: 4 to 6 week old rats, 1.78 Ϯ 0.25 (N ϭ 5, P Ͻ 0.01); 6 to 7 week old rats, 2.02 Ϯ 0.24 (N ϭ 7, parisons of NHE-3 mRNA expression between SHR and WKY rats analyzed on the basis of age, and thus, the P Ͻ 0.05); and 8 to 13 week old rats 1.53 Ϯ 0.19 (N ϭ 12, P Ͻ 0.05). A representative blot of NHE-3 protein degree of hypertension in the SHR, are shown in Figures  7 and 8 . NHE-3 mRNA expression in renal cortex from processed simultaneously from each age group is shown in Figure 6 .
the SHR was not different from that of WKY rats at any of the three age groups. When examined altogether, NHE-3 activity is regulated by a variety of mechanisms. Acute hormonal regulation of NHE-3 occurs through phosirrespective of age and the degree of hypertension, the level of NHE-3 mRNA expression was still not differphorylation, binding to regulatory proteins, and trafficking of functional units between apical membranes and ent between SHR and WKY rats (0.78 Ϯ 0.13 vs. 0.96 Ϯ 0.17, respectively, N ϭ 17, NS). intracellular compartments [4, 46- . Transcriptional regulation, however, exchange activity was associated with increased memdoes not seem to be the controlling mechanism of NHE-3 brane levels of NHE-3 protein in a relatively similar proin response to acute blood pressure changes. Recent portion, suggesting that the relative over-abundance of studies by McDonough and co-workers showed that protein in the apical membrane could account for the NHE-3 is regulated by rapid shunting of functional units increase in Na ϩ /H ϩ exchange activity. Our findings of between the outer luminal membranes and internal comincreased Na ϩ /H ϩ exchange activity and expression of partments in response to acute alterations in blood pres-NHE-3 protein are in agreement with a previous study sure [55, 56] . The abrupt increases in blood pressure, [22] , but different from more recent studies which failed capable of triggering a pressure natriuresis, resulted in to find significant differences in total NHE-3 protein in a decrease in NHE-3 protein from the apical membrane cortical membrane preparations between SHR and nonin both control rats and the pre-hypertensive SHR [43, hypertensive control rats [43, 44] . 55, 56]. Of interest, abrupt increases in blood pressure In the present study, NHE-3 mRNA levels were not difdid not result in NHE-3 internalization in proximal tuferent between SHR and WKY rats. Our findings therebules from the adult SHR [43] . This was attributed to a fore are not consistent with a transcriptional mechanism greater percent of the NHE-3 protein in the adult SHR of regulation in the SHR as the cause of increased NHE-3 all ready being located along the base of the apical microprotein expression and Na ϩ /H ϩ exchange activity. Rather, villi rather than along the tip where it may be functionally they suggest that a post-transcriptional mechanism is remore active [43] . sponsible for the over-expression of NHE-3 protein and Translocation of NHE-3 into internal pools is apt to the associated increase in Na ϩ /H ϩ exchanger activity. decrease Na ϩ /H ϩ exchange activity and cause natriureOur data are in concordance with the findings by Hayashi sis. Thus, it seems reasonable to postulate that a decrease et al, who also reported that NHE-3 mRNA levels were in apical NHE-3 protein could serve as an adaptive mechnot increased in proximal tubules from the SHR as comanism to prevent blood pressure elevations in normal pared to age-matched WKY rats even though Na ϩ /H ϩ subjects. In support of a role of NHE-3 in blood pressure exchange activity was increased [21] . This finding, howregulation is the finding that NHE-3 knockout mice exever, is contrary to a report by Kelly et al, who reported hibit relative natriuresis and hypotension [19] . An inthat both NHE-3 protein and mRNA were increased in crease in NHE-3 activity, by contrast, should translate the SHR [22] . A finding of increased protein with uninto enhanced capacity for Na ϩ and fluid reabsorption and changed mRNA is not without precedent in regards to possibly result in an increase in blood pressure over time. other Na ϩ /H ϩ exchange isoforms. Protein expression and
The finding in the present study of increased Na ϩ /H ϩ activity of the NHE-1 isoform are increased in cultured exchange activity and NHE-3 protein expression in renal VSMC from the SHR, whereas its mRNA levels remain proximal tubules from the SHR, in the face of a progresunchanged relative to cells from WKY rats [3, 7, 9, 45] .
sive increase in blood pressure with age, may thus proThus, NHE-3 overactivity in renal cells, like NHE-1 overvide a maladaptive mechanism of sustained Na ϩ retenactivity in vascular cells from the SHR, appears to result tion. That is, in the presence of chronic hypertension, the relative abundance of NHE-3 in the apical membrane from post-transcriptional mechanisms.
